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ABSTRACT 
Metal-ions doped TiO2 (M-TiO2) were synthesized using a hydrothermal method with a post-annealing process, 
including individual Ag+, Cu2+, Mn2+, Ce3+, Fe3+ and Zr4+ ions. Physical properties of the synthesized M-TiO2 
were characterized including XRD pattern, BET surface area, diffuse reflectance spectra and visible-light 
photoactivity tests. Total photocatalytic performance of M-TiO2 were evaluated by degrading rhodamine b under 
whole solar-light irradiation with manganese-ions doped TiO2 (Mn-TiO2) showing the highest degradation 
efficiency. Compared to crystalline structure and visible-light photoactivity, BET surface area of M-TiO2 particles 
exhibits the most significant impacts, showing a positive correlation with the total photocatalytic performance of 
M-TiO2. Total photocatalytic efficiencies of Mn-TiO2 were further optimized through synthesis with 3% of Mn 
doping concentration, 180 oC of hydrothermal treatment and 450 oC of post-annealing temperature. 
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1. Introduction 
Titania (TiO2) has been extensively studied as a photocatalyst for the degradation of environmental pollutants 
during the last decades because of its superior photocatalytic performance, non-toxicity, low production cost and 
 2
high persistence to photocorrosion [1-2]. However, due to the large band gap energy (3.0-3.2 eV) of anatase TiO2, 
most of commercially available TiO2 catalysts are active only under UV-light spectral range, which is a small 
fraction (2~3%) of whole solar-light spectrum [3-4].  
TiO2 doped with metal ions [5-7] can effectively extend the absorption spectrum into visible-light range so as to 
take advantage of a wider range of solar spectrum to improve the photocatalytic performance under whole solar-
light irradiation. Numerous metal-ions have been investigated as potential dopants, including iron [8], chromium 
[9], nickel [10], aluminum [11], silver [12], vanadium [13], cobalt [14], etc. It was hypothesized that the 
introduction of metal-ions into TiO2 could improve the electronic energy band structure of TiO2 and thus enhance 
the photocatalytic performance by effective charge transfer from the doping metal-ions to Ti4+. For example, Choi 
and co-workers [15] reported that Pt and Cr ions doped TiO2 catalysts showed significantly enhanced 
photocatalytic performance under visible-light compared with pure TiO2 for all three photodegradation of 
methylene blue, oxidation of iodide, and oxidative degradation of phenol. 
There is a considerable controversy on the effect of doping metal-ions on photocatalytic performance. Some 
papers reported that the doping of metal-ions such as W6+, V5+, Fe3+ and Cu2+ in TiO2 increased the resultant 
photocatalytic performance [16-17] whereas Nagaveni and co-workers demonstrated that TiO2 doping with these 
metal-ions through solution combustion method showed weaker photocatalytic performance than pure TiO2 [18]. 
Such wide variations in reported literatures should be mainly due to different preparation methods and doping 
elements which resulted in different physical properties of TiO2 particles although similar in their visible-light 
photoactivity. For example, conventional sol-gel synthesis of metal-ions doped TiO2 (M-TiO2) often suffers from 
poor dispersion of the doped element in ethanol-containing solution, resulting in crystalline phase segregation of 
doping metal oxides from TiO2 lattice, and weaker photocatalytic performance of TiO2 [19]. While ion 
impregnation method is commonly employed to prepare M-TiO2, substitution of metal-ions occurs only on the 
surface of TiO2 particles or films, rather than in the bulk TiO2 crystals, causing weak photocatalytic performance 
[20]. Generally, TiO2 particles with smaller size and higher surface area exhibit higher photocatalytic performance 
due to quantum confinement effects [21]; anatase TiO2 with a small amount of rutile is also significant for high 
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photocatalytic performance. A typical example is the commercially available Degussa P25 TiO2 with 80% anatase 
and 20% rutile [22-23], showing higher photocatalytic performance than its pure counterpart. Hence, it is critical 
to select appropriate methods and suitable doping elements to synthesize M-TiO2 catalysts with desired properties 
to enhance photocatalytic performance under solar-light irradiation.   
The hydrothermal method is a novel technique of producing metal-ions doped oxides in a sealed high-
temperature and high-pressure environment [24]. Unlike the conventional sol-gel method and ion impregnation 
method, the hydrothermal method offers many advantages of energy conservation, simple preparation, perfect 
nucleation,  rapid reaction, and low operation temperature. In addition, the hydrothermal method is conducted 
through an aqueous process, enabling satisfactory solubility, uniform dispersion of doping metal-ions, and control 
of stoichiometry.  
The present work synthesized M-TiO2 with six different metal-ions by a hydrothermal method and 
characterized physical properties of M-TiO2 including BET surface area, crystalline structure, diffuse reflectance 
spectra, and visible-light photoactivity. Photocatalytic performances of M-TiO2 under solar-light irradiation were 
evaluated to screen the most suitable doping metal ions. Furthermore, the parameters of hydrothermal synthesis 
were investigated to optimize the photocatalytic efficiency of M-TiO2.  
2. Experimental  
2.1. Synthesis of metal-ions doped TiO2 (M-TiO2) 
Six metal-ions were chosen as the doping elements: Ag+, Cu2+, Mn2+, Ce3+, Fe3+ and Zr4+ ions. To synthesize M-
TiO2 samples, TiOSO4 was used as the source of titanium; AgNO3, CuSO4, MnSO4·H2O, CeNO3·6H2O, 
Fe(NO3)3·9H2O and ZrO(NO3)2·H2O were used as inorganic precursors of Ag+, Cu2+, Mn2+, Ce3+, Fe3+ and Zr4+ 
ions, respectively. A tri-block copolymer Pluronic P123 (EO20PO70EO20) was used to control the homogeneous 
crystallization of mixed inorganic precursors and prevent particles aggregation [19]. 
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In a typical hydrothermal process, 1 g of TiOSO4, 0.5 g of triblock copolymer template Pluronic P123 and 3% 
molar percent of metal-ions precursor were dissolved in 50 ml of distilled water acidified by sulfuric acid. The 
mixture was transferred into a hydrothermal reactor, and reacted at 180 oC for 12 hours. After cooling down, the 
product was washed with distilled water and ethanol for two times to remove sulfates. This was then followed by 
annealing at 450 oC for 3 hours to remove Pluronic P123. Pure TiO2 samples were also synthesized from the same 
titanium source under the same hydrothermal conditions in the absence of doping precursor. 
2.2. Characterization and measurements 
The X-ray diffraction (XRD) patterns of synthesized M-TiO2 were obtained using a Shimadzu XRD-6000 X-ray 
diffractometer (Japan) with a CuKα radiation source (λ = 1.54056 Å). The average crystalline size of individual 
phases (anatase and rutile) was determined by the Scherrer equation. The phase contents of the synthesized TiO2 
samples were calculated from the integrated intensities of anatase peak (101) at 25.5o and rutile peak (110) at 











IW  0.886  
(2) 
WA, WR –contents of anatase and rutile phases, respectively; 
IA, IR – integrated intensities of anatase (101) and rutile (110) peaks, respectively. 
Surface areas of the synthesized TiO2 samples were determined using Brunauer-Emmett-Teller (BET) method 
based on the N2 adsorption and desorption isotherms using a Quantachrome Nova 4200e automatic analyzer 
(USA). Diffuse reflectance spectra (DRS) were obtained using a Shimadzu UV-Vis-NIR UV-3600 
spectrophotometer (Japan) equipped with a diffuse reflectance accessory, and barium sulfate was used as a 
reference standard. UV-Visible absorption intensity of photocatalytic analyte was measured using a Shimadzu UV 
mini-1240 UV-Visible spectrophotometer. 
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Evaluation of photo-activity of M-TiO2 was conducted under two types of light irradiation, visible-light alone 
and full range of solar-light (including both UV and visible light as total photocatalytic performance). A solar 
simulator (Model 69920, Newport-Oriel Instruments, USA), was employed as the light source for a photoreactor, 
consisting of a cylindrical Pyrex vessel surrounded by a cooling water jacket. To evaluate visible-light 
photoactivity, a UV-cutoff (<400 nm) long pass filter was used to remove UV portion of solar-light spectrum. 
Visible-light photoactivity of synthesized M-TiO2 was measured based on the degradation of methylene blue 
(MB). The lowest unoccupied molecular orbital (LUMO) position of MB molecules is much lower than the 
conduction band of TiO2, which prevents undesirable photo-destruction of excited MB molecules by visible-light, 
allowing objective evaluation of the photoactivity of M-TiO2 under visible-light [26]. Solar-light irradiation in full 
range was employed to evaluate the total photocatalytic performance of synthesized M-TiO2 on the degradation of 
rhodamine B (RhB). RhB is a commonly used dye and often selected as model pollutant for benchmarking the 
photocatalytic performance although the LUMO position of RhB is higher than that of MB.  
20 mg of M-TiO2 were dispersed in 80 ml of MB or RhB aqueous solution (10 mg/L), respectively. The 
dispersion was magnetically stirred in dark for 1 hour before the light irradiation to establish the absorption-
desorption equilibrium. An aliquot of 5 ml solution was withdrawn from the photoreactor at given time intervals 
during the time course of irradiation (0, 20, 40 and 60 min during solar-light irradiation; 0, 30, 60, 120, 180 and 
240 min during visible-light irradiation), followed by centrifugation to remove suspended TiO2 particles. The 
supernatants were analyzed using an UV-visible spectrophotometer at λ = 554 nm or 662 nm corresponding to the 
maximum absorption wavelength of RhB and MB, respectively.  
3. Results and discussion 
3.1. Crystalline structures and BET surface areas of synthesized M-TiO2 
Fig. 1 presents the XRD patterns of pure TiO2 and six M-TiO2 synthesized by the hydrothermal method with a 
post-annealing temperature at 450 oC and 700 oC, respectively. At 450 oC, the XRD pattern of pure TiO2 (Fig. 1a) 
is indexed to only anatase phase (JCPDS No 21-1272). However, the increased annealing temperature at 700 oC 
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resulted in the crystalline growth of anatase and the phase transformation from anatase to rutile (JCPDS No 21-
1276) with anatase as the dominant peak (81.7%) (Table 1). Fig. 1b-1g presents the XRD patterns of M-TiO2 with 
six different metal-ions: Ag+, Cu2+, Mn2+, Ce3+, Fe3+ or Zr4+. For all M-TiO2 catalysts, no obvious diffraction 
peaks in the XRD patterns corresponded to the oxides of doping metal-ions, indicating that the doped metal ions 
and the subsequent annealing process led to negligible phase segregation of doping metal oxides that would 
greatly weaken the photocatalytic performance of TiO2. 
The Scherer equation was employed to calculate the crystalline sizes of anatase and rutile of synthesized M-
TiO2 and the data were listed in Table 1. When annealed at 450 oC, the crystalline sizes ranged from 8.2-12.2 nm 
for anatase and 7.4-9.5 nm for rutile, respectively. The increased annealing temperature at 700 oC enlarged the 
sizes of both anatase and rutile crystals for all M-TiO2 catalysts, which generally lower the photocatalytic activity 
of TiO2 [21]. In conclusion, Mn-TiO2 and Fe-TiO2 effectively inhibited the crystalline growth, showing small 






Fig. 1. X-ray diffraction patterns of pure TiO2 and six synthesized M-TiO2: (a) pure TiO2, (b) Ag-TiO2, (c) Cu-
TiO2, (d) Mn-TiO2, (e) Ce-TiO2, (f) Fe-TiO2 and (g) Zr-TiO2. All samples were annealed at 450 oC and 700 oC, 
respectively. 
Anatase and rutile contents of M-TiO2 were calculated according to above-mentioned equations (1) and (2) and 
summarized in Table 1. In Fig. 1, pure TiO2 annealed at 450 oC consisted of anatase phase only. Similar to pure 
TiO2, Ag-TiO2 and Cu-TiO2 were pure anatase phase. Other M-TiO2 catalysts showed a double-phase structure of 
anatase and rutile. For Mn-TiO2, Fe-TiO2 and Zr-TiO2, the contents of rutile phase ranged from 11.6% to 14.2%. 
But for Ce-TiO2, the amount of rutile phase was only 3.5%. When annealed at a higher temperature of 700 oC, all 
examined M-TiO2 samples showed a double-phase structure of anatase and rutile with enlarged crystalline sizes. 
Especially, Zr-TiO2 crystals annealed at 700 oC showed the worst thermal stability with a rutile content of 63.3% 




Phase content, crystalline size, BET surface area and ionic radii of pure TiO2 and six M-TiO2 catalysts.  
 
BET surface areas of pure TiO2 and M-TiO2 were determined by using nitrogen adsorption and desorption 
analysis as given in Table 1. The surface area of pure TiO2 annealed at 450 oC was 102.32 m2 g-1, larger than that 
of Ag-TiO2, Cu-TiO2, Ce-TiO2 and Zr-TiO2 but lower than Mn-TiO2 and Fe-TiO2 because of  their smaller 
crystalline sizes [27]. Particularly Mn-TiO2 exhibited the largest surface area of 118.65 m2 g-1 (Table 1). 
3.2. Visible-light absorption property and photoactivity tests of synthesized M-TiO2 
Fig. 2 shows diffuse reflectance spectra of pure TiO2 and six M-TiO2. Pure TiO2 was characterized with a sharp 
absorption edge at about 400 nm (energy band gap ~3.1 eV) whereas all six M-TiO2 showed extended absorption 
M-TiO2 samples Annealing 
Temperature (oC) 
Phase content (%) Crystalline size (nm) BET surface area 
(m2 g-1) Anatase Rutile Anatase Rutile 
Pure  TiO2 450 100 0 8.5 -- 102.32 
Ag-TiO2 450 100 0 9.3 -- 89.53 
Cu-TiO2 450 100 0 9.5 -- 96.51 
Mn--TiO2 450 88.4 11.6 8.2 7.4 118.65 
Ce-TiO2 450 96.5 3.5 9.7 9.3 93.26 
Fe-TiO2 450 85.8 14.2 8.5 7.7 109.37 
Zr-TiO2 450 86.1 13.9 10.8 8.6 85.19 
Pure  TiO2 700 81.7 18.3 8.8 8.1 -- 
Ag-TiO2 700 88.3 11.7 10.2 8.9 -- 
Cu-TiO2 700 72.7 27.3 10.4 8.3 -- 
Mn-TiO2 700 63.9 36.1 8.8 7.8 -- 
Ce-TiO2 700 75.5 24.5 12.0 9.5 --- 
Fe-TiO2 700 47.2 52.8 8.6 7.8 -- 
Zr-TiO2 700 36.7 63.3 12.2 8.9 -- 
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spectra into the visible-light region.  Ag-TiO2, Cu-TiO2, Ce-TiO2 and Fe-TiO2 showed relatively small absorption 
region between 400-580 nm, while Mn-TiO2 and Zr-TiO2 exhibited substantial and broad absorption shoulders up 
to 700 nm. The extended absorption spectra of M-TiO2 into visible-light region were achieved by improvement of 
electronic energy band structure of TiO2 through doping metal ions [28]. For example, the enhanced absorption of 
Mn-TiO2 in visible light region involves the excitation of 3d electrons of doping Mn ions to the conduction band 
of TiO2 according to their respective energy levels [19]. 
 
Fig. 2. Diffuse reflectance spectra of pure TiO2 and six synthesized M-TiO2. 
Fig. 3 shows the effect of various doping metal-ions on visible-light photoactivity of M-TiO2 in degrading MB 
molecules with Mn-TiO2 showing the highest photoactivity. The visible-light photoactivity of pure TiO2 was the 
lowest since the pure TiO2 has little adsorption at the visible-light region (400-700 nm). However, the visible-light 
photoactivities of various M-TiO2 were correlated with more factors in addition to diffuse reflectance spectra. 
Surface area and crystalline properties of M-TiO2 also play an important role. For example, the visible-light 
absorption capability of Ce-TiO2 was lower than that of Zr-TiO2, but higher surface area rendered Ce-TiO2 more 
reactive sites and higher visible-light photoactivity. 
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Fig. 3. Visible-light photoactivity of pure TiO2 and six synthesized M-TiO2 under visible-light irradiation. 
3.3. Total photocatalytic performance of M-TiO2 under solar-light irradiation 
3.3.1. Effects of doping metal-ions on total photocatalytic degradation of RhB  
Direct photolysis of RhB was investigated as a reference to the degradation induced by pure TiO2 and M-TiO2 
in Fig. 4. In the absence of any catalyst, direct photolysis removed only 3.8% of RhB. After 60 min of solar-light 
irradiation, Mn-TiO2 showed the best total photocatalytic performance with a degradation efficiency of 94.3%, 
superior to all other tested catalysts (Fe-TiO2: 90.9%; Cu-TiO2: 82.5%; Ce-TiO2: 77.1%; Ag-TiO2: 74.9%; Zr-
TiO2: 69.7%;), including  pure TiO2 (81.9%) and a commercial product Degussa P25 TiO2 (85.4%).  
 
Fig. 4. Total photocatalytic performance of pure TiO2 and six synthesized M-TiO2 under solar-light irradiation. 
 11
Fig. 5 investigates the effects of different properties of M-TiO2 on total photocatalytic performance. In Fig. 5a, 
there is no correlation found between rutile content and total photocatalytic performance of various M-TiO2. 
Although Fe-TiO2, Mn-TiO2 and Zr-TiO2 have similar rutile contents ranging from 11-14%, their degradation 
efficiencies vary substantially with 94.3% for Mn-TiO2, 90.9% for Fe-TiO2 and 69.7% for Zr-TiO2. There is also 
no direct correlation between visible-light photoactivity and solar-light performance of M-TiO2 although Mn-TiO2 
showed best performance under both visible and solar light irradiation. For example, the visible-light 
photoactivity of Ag-TiO2 is weaker than Zr-TiO2, but Ag-TiO2 showed higher total photocatalytic performance 
than Zr-TiO2. However, Fig. 5b shows a close positive correlation between the BET surface area and the total 
photocatalytic performance of M-TiO2; the larger the BET surface area, the higher the total photocatalytic 
performance. For example, both Zr-TiO2 and Mn-TiO2 showed similar rutile contents, but the smaller surface area 
of Zr-TiO2 resulted in the lower photocatalytic performance. This is expected because the higher surface area of 
M-TiO2 particles could provide more active sites for photocatalytic oxidation [29-30]. In terms of hydrothermal 
synthesis, BET surface area seemed to be the dominant factor to improve the total photocatalytic performance of 
synthesized M-TiO2 under solar-light irradiation.  
 
Fig. 5. Influences of (a) rutile content and (b) BET surface area on the photocatalytic performance of M-TiO2 
under solar-light irradiation.  
3.3.2. Optimization of total photocatalytic performance for Mn-TiO2  
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The total photocatalytic performance of Mn-TiO2 was further optimized for its superior performance to other 
M-TiO2 samples under solar-light irradiation (including both UV and visible light). Fig. 6 shows the effect of Mn 
doping concentrations in the range of 0-7%. Pure TiO2 showed a relatively lower photocatalytic performance 
under solar-light irradiation. While the increase in the Mn doping concentration improved the total photocatalytic 
performance, the best performance was achieved at 3% of Mn concentration. With ≤3% of Mn concentration, Mn 
ions in TiO2 can effectively inhibit the recombination of photogenerated holes and electrons, and thus improve the 
photocatalytic efficiency. However, the total photocatalytic performance of Mn-TiO2 was weakened while the 
doping amount of Mn ions was beyond 3% due to the internal energy dissipation within Mn ions [19]. 
 
Fig. 6. Effects of Mn doping concentrations on the resultant total photocatalytic performance of Mn-TiO2 under 
solar-light irradiation. 
An optimal hydrothermal temperature at 180 oC was obtained to maximize the total photocatalytic performance 
of Mn-TiO2. Fig. 7 shows the effect of hydrothermal temperatures on total photocatalytic performance of Mn-
TiO2 under solar-light irradiation. Mn-TiO2 synthesized at 100 oC showed a weak photocatalytic performance 
with degradation efficiency of 38.9% after 60 min. With the increase in the hydrothermal temperature, the 
efficiency was enhanced up to 94.3% at 180 oC. The improvement may be attributed to the perfect crystalline 
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structure of Mn-TiO2 at elevated synthesis temperatures [19]. However, at a hydrothermal temperature higher than 
180 oC, the total photocatalytic performance of Mn-TiO2 declined slightly, possibly due to the occurrence of 
severe particle agglomeration. 
 
Fig. 7. Effects of hydrothermal temperatures on total photocatalytic performance of Mn-TiO2 under solar-light 
irradiation. 
 
Fig. 8. Effects of annealing temperatures on total photocatalytic performance of Mn-TiO2 under solar-light 
irradiation. 
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Fig. 8 shows the effect of annealing temperatures on the total photocatalytic performance of Mn-TiO2 under 
solar-light irradiation. The best degradation efficiency was achieved at the annealing temperature of 450 oC. 
However, the increase of annealing temperature results in particle agglomeration and over-growth of crystalline 
sizes which lower the activity of Mn-TiO2. In addition, when the annealing temperature is lower than 450 oC, the 
photocatalytic performance of Mn-TiO2 is much lower because the residual carbon from Pluronic P123 was 
incompletely removed during the thermal treatment. 
4. Conclusions 
M-TiO2 catalysts with six doping metal ions of Ag+, Cu2+, Mn2+, Ce3+, Fe3+ and Zr4+ were synthesized through a 
hydrothermal method followed by a post-annealing process. Crystalline structure, BET surface area, diffuse 
reflectance and visible-light photoactivity were measured to characterize the physical properties of synthesized 
M-TiO2 particles. Total photocatalytic performances of M-TiO2 were evaluated according to RhB degradation 
under solar-light irradiation. Mn-TiO2 showed the highest photocatalytic efficiency under solar-light irradiation 
due to its combined merits of large BET surface area, anatase-rutile crystalline structure and wide visible-light 
absorption range. Among these properties, BET surface area appears to be the most significant factor in enhancing 
the photocatalytic performances for hydrothermally synthesized M-TiO2. Total photocatalytic efficiency of Mn-
TiO2 was further optimized when it was synthesized with 3% of Mn doping concentration, 180 oC of 
hydrothermal temperature and 450 oC of post-annealing temperature. 
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